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Abstract: Signal transduction via receptors for N-formylmethionyl peptide 
chemoattractants (FPR) on human neutrophils is a highly regulated process. 
It involves direct interaction of receptors with heterotrimeric G-proteins 
and may be under thc control of cytoskeletal clemcnts. Evidencc exists 
suggesting that thc cytoskeleton and/or the membrane ske1eton determines 
the distribution of FPR in the plane of the plasma membrane, thus 
controlling FPR accessibility to different protcins in functionally distinct 
membrane domains. In desensitized cells, FPR are restricted to domains 
which are depleted of G proteins but enriched in cytoskeletal proteins such 
as actin and fodrin. Thus, the G protein signal transduction partners of 
FPR become inacccssible to the agonist-occupied receptor, preventing cell 
activation. We are investigating the molecular basis for the interaction of FPR 
with the membrane skeleton, and our results suggest that FPR, and 
possibly other receptors, may directly bind to cytoskeletal proteins such as 
actin. 
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lntroduction 
Human neutrophils exploit the function of several 
receptor types to sense concentration gradients of 
chemoattractants, such as N-formylmethionyl pep-
tides, complement fragment 5a (C5a), LTB 4 , or 
platelet-activating factor (1). N-formylmethionyl 
peptide chemoattractant receptors (FPR) are among 
the most thoroughly studied members of the family 
of receptors coupled to guanyl nucleotide-binding 
proteins (G protein). Agonist binding to FPR and 
other chemoattractant receptors results in a variety 
of host defensive responses of neutrophils including 
chemotaxis, adhesion, superoxide production, and 
secretion of hydrolytic enzymes and microbicidal 
factors (2, 3). 
The gene for FPR has recently been cloned (4) 
and sequenced. lts predicted amino acid sequence 
suggests that this receptor has seven transmembrane 
segments analogaus to other receptors coupled to 
heterotrimeric G-proteins (5). Signal transduction 
by such receptors is highly regulated, allowing cel-
lular adaptation of a variety of responses to a wide 
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range of conditions. Desensitization is one such 
adaptive process that results in a blunted response 
in spite of the presence of agonist-occupied recep-
tors. The mechanisms proposed to explain desensi-
tization include receptor phosphorylation, Seques-
tration, and down regulation ( 6, 7). The regulation of 
the Ievel of G protein a subunits has also been im-
plicated in desensitization (8). Wehave proposed a 
novel mechanism for desensitization of FPR in neu-
trophils which involves the submembranaus cytosk-
eleton or membrane skeleton (MSK) of the neutro-
phil. The principle of this mechanism is that the 
physical segregation of different components of the 
signal transduction system into different plasma 
membrane domains controls their accessibility, and 
hence, interaction. This article summarizes our cur-
rent understanding of this process. 
Cytoskeleton and signal transduction 
Abundant evidence exists suggesting interactions of 
a variety of receptors (9-13) and other components 
of signal transduction cascades (14-18) with the 
MSK. Most of thcse reports describe such interac-
tions, but the biochemical basis or functional con-
sequences of the interactions are yet unclear. The 
MSK may serve as a genentl organizer of proteins 
in the plasma membrane and thus control protein 
interactions ( 19, 20). Abundant evidence also exists 
suggesting that receptor distribution on cell surfaces 
are laterally differentiated in the form ofpatches and 
caps both following and prior to receptor occupancy 
(21, 22). 
Since Rodbell and coworkers recently proposed 
that G proteins may exist in polydisperse structures 
resembling microtubules (23-25), a new regulatory 
dimension has been added to transmembrane sig-
naling as it defines G proteins as a cytoskeleton-like 
structure. This view implies a mechanism by which 
G proteins could be confined to certain plasma 
membrane domains. In neutrophils such mecha-
nisms may be operative (26). 
FPR signaling an9 the cytoskeleton 
A numbcr of experimental observations implicate 
the cytoskeleton in regulation of FPR signaling. The 
rate and duration of the neutrophil respiratory burst, 
which is one of the responses activated by the FPR 
system (27), is enhanced by dihydrocytochalasin B 
(dhCB), an alkaloid that disrupts microfilaments 
(28). Similar results were obtained after botulinum 
C2 toxin treatment of neutrophils, which results in 
ADP-ribosylation of actin (29) and its subsequent 
depolymerization. At physiological temperatures 
FPR becomes transiently associated with the cy-
toskeleton. This process is inhibited by cytochalasin 
B, thus suggesting involvement ofthe cytoskeleton in 
signal termination. At 15 o C, a temperature permis-
sible for desensitization but not internalization or 
secretion (30), FPR progressively associate with the 
cytoskelcton as they become desensitized (31 ). This 
association is also slowed by dhCB (30, 32) and 
inversely related to formyl peptide-stimulated super-
oxide production. Comparison of the number of re-
ceptors remaining uncomplexed with the cytoskele-
ton and the logarithm of rate of superoxide 
production reveals a linear relationship, suggesting 
that association of FPR with the cytoskeleton is 
indeed involved in desensitization of this rcceptor 
system (30). 
Interaction of receptors with G proteins can 
modulate the two affinity stcltes of receptors for their 
agonists. Agonists exhibit high-affinity binding when 
receptors are coupled to a G protein, while un-
coupled receptors bind agonists with low affinity 
(33). GTP induces uncoupling of receptor and G 
protein and, therefore, shifts receptors to the low-
affinity state for agonists. For FPR, a third affinity 
state has been observed which is characterized by a 
Receptor regulation by membrane skeleton 
very low dissociation rate of bound Iigand (31, 34 ). 
This "super high-affinity state" is detected when FPR 
become Triton-insoluble and hence, cytoskeleton-
associated. 
The molecular basis for the high affinity state is 
still unknown. N01·gauer et al. (35) concluded that 
F-actin is not responsible for the regulation of thc 
affinity states of FPR because botulinum C2 toxin 
did not influence binding characteristics of the re-
ceptor. However, botulinum C2 toxin treatment of 
neutrophils for 1 h could only destroy 75 /,, of the 
F-actin, leaving the possibility that the remainder 
might be sufficient to regulate Iigand binding to FPR. 
In addition, as discussed bclow, membrane skeletal 
actin has characteristics different from cytoplasmic 
F-actin (36). lt demonstrates insensitivity to botuli-
num C2 toxin as weil as cytochalasins (37) thus 
suggesting that all possibilities for a role for F actin 
have not yet been ruled out. 
Plasma membrane domains and desensitization 
A more refined characterization of the subcellular 
distribution of FPR led to discovery that there are 
plasma membrane fractions which can be distin-
guished by their different densities in isopycnic su-
crose density gradient sedimentation studies (38). 
The lighter fraction (PML) contains the plasma 
membrane marker alkaline phosphatase and surface 
glycoproteins and is enriched in G proteins. In mem-
branes obtained from neutrophils labeled with the 
FPR photoaffinity Iigand, fMLFK_I2 5I-ASD (39), 
at 4 o C, a temperature which prevents internalization 
of receptors and greatly slows desensitization, the 
receptor cosediments with PML on the sucrose gra-
dients. However, photoaffinity labeling of neutro-
phils at 15 o C, a temperature allowing dcsensitiza-
tion to occur but not permissive for receptor 
internalization, the receptor distribution shifts to 
fractions of slightly highcr density (PM-I-I). These 
membrane fractions are characterized by a signifi-
cant enrichment of the cytoskeletal proteins actin 
and fodrin and are depleted in G-proteins (40). This 
result supports a role of the MSK in the desensiti-
zation process, providing fot: a physical mechanism 
for control, i.e. Iimitation of the accessibility of sig-
nal transduction partners by their latet/al segregation 
or compartmentation in different membrane do-
mains. 
Analysis of the hydrodynamic behavior of FPR 
solubilized by octylglucoside (OG) from these two 
different membrane fractions provides additional 
support for this hypothesis. Soluble FPR exhibit dis-
tinct sedimentation behavior in detergent-containing 
sucrose gradients (38). The receptors from unstim-
ulated cells which are found predominantly in the G 
protein-containing PML, sedimcnt with an apparent 
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Sedimentation coefficient of 7S while the receptors 
found in PM-H, along with cytoskeletal proteins, 
sediment like 4S particles. In membranes from de-
sensitized neutrophils most of the receptors are 
found in PM-H and, accordingly, sediment at 4S. 
Uncoupling of FPR from G proteins upon desensi-
tization has also been shown in HL-60 cells (41). 
The 7S form of FPR can be shifted to the 4S form 
in the presence of GTP suggesting that the 7S form 
represents the G protein-coupled form of the recep-
tor. This suggestion has now been confirmed by re-
constitution of 7S form of FPR from the 4S form 
obtained from neutrophil membranes (42) or from 
membranes prepared from FPR transfected TX2 
mouse fibroblast cells (43) using purified G protein 
from neutrophils and bovine brain. Furthermore, we 
have now shown that synthetic peptides mimicking 
portions of intracellular loops 2 and 3 and a region 
of the carboxyl terminal tail also disrupt 7S com-
plexes of FPR and G ( 44, 45). 
These results strongly support the hypothesis that 
the hydrodynamic forms found in the PM-H and 
PML represents the G protein uncoupled and 
coupled forms, respectively, of FPR. Thus, we hy-
pothesize that FPR in responsive neutrophils can 
access G proteins in PML (46). Upon desensitiza-
tion, the receptors are shifted to PM-H, by an un-
known mechanism which most likely involves lateral 
diffusion and interaction of FPR with components 
of the MSK, thus restricting the interaction with G 
PM·H 
response termination, desensitization 
• 
proteins (Figure 1). Recently a report by J ohansson 
and co-workers confirmed the existence of regulated 
lateral diffusion of FPR, which at least qualitatively 
supports immobilization of FPR by the membrane 
skeleton under similar conditions (47). 
This model can only be valid if G protein mobil-
ity in the membrane is restricted, preventing diffu-
sion ofFPR into the PM-H and ifthere is no intrinsic 
modification of the receptors from desensitized cells 
that prevents them from interacting with G protein . 
Indeed, some evidence exists indicating that G pro-
teins are coupled to the cytoskeletal elements in an 
analogaus manner as receptors. lt has been shown 
that ß subunits of G proteins co-fractionate with 
cytoskeletal actin upon differential detergent extrac-
tion (48). Several Ga subunits bind specifically to 
tubulin, suggesting a roJe for G protein-microtubule 
interaction in signal transduction (49, 50). In our 
own studies, we have found that a significant frac-
tion of Gia subunits are insoluble upon Sedimenta-
tion of OG extracts of unstimulated membranes 
(Figure 2). Most recently, Sarndahl et al. (26) have 
confirmed such restricted mobility by showing that 
Gia2 is association with the Triton X-100 insoluble 
cytoskeleton can be modulated by the stimulation 
state of the cell. Both the interaction of ß subunits 
with actin and of r:x subunits with tubulin could pro-
vide important mechanisms to achieve lateral segre-
gation of receptors and G proteins in different mem-
brane domains. 
PLC 
Cytoskeleton 
Fig. I. _Model ofregulatory interaction s of FPR with G proteins and actin. In responsive human , neutrophil s most of the FPR are found 
111 the ltght fractlon of the plasma membrane (PM-L), which also contains most of the G protein s. A shift of FPR to the heavy plasma 
membrane fraction (PM-H), with a characteristic enrichmenl of cytoskeletal proteins, is observed as desensitization occurs. Rodbell's 
flnding of polydisperse G protein structures provides an attractive basis for membrane compartmentalization with domains with G 
proteins allowing for signal transduction and domain s with actin where receptors cannot access signal transduction partners. The 
polymeric st ructure of G proteins and actin would exclude mixing of these proteins by diffusion. The FPR, however, could diffuse be-
tween the different domains until agonist binding would permit interaction with G proteins or actin. 
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RELATIVE CONTENT OF CHEMOTACTIC RECEPTOR 
AND G-PROTEIN IN DETERGENT-CONTAINING 
SUCROSE GRADIENTS 
Receptor Gia 
Std 5 7 p 5 7 P Std 
- 200 
-98 
-55 
-43 
-36 
- 29 
Fig. 2. Neutrophil G protein is associated wi th the membrane 
skeleton. The relative content of chemotactic receptor and G 
protein in linear sucrose gradients containing octyl glucoside pre-
pared as reported previously (38) is shown. Approximately 50 % 
of GiiX is found Lo sed iment in the pellet fraction (P) while the 
remainder cosediments with FPR as a soluble com plex in fraction 
7 (7S). Molecular weight Standards flank the right and left group 
of three lanes from a nitrocellulose electrophoretic transfer used 
for weslern blot ana lysis (right) or autoradiography (left). The 
distribution of GiiX as detected by antipeptide GiiX antibodies and 
FPR as detected by autoradiography for photoaffinity-labeled 
FPR is shown as indicated. ' 
FPR and the membrane skeleton 
1t appears to be reasonable to assume that the FPR 
in the PM-H fraction which is enriched in actin and 
fodrin represents a receptor form coupled to the 
MSK. Indeed, this concept is supported by several 
observations. The membrane skeleton is character-
ized by its insolubility in the detergent Triton X -100 
(TX) by analogy to the cytoskeleton (50). Solubili-
zation of plasma membranes [rom unstimulated 
human neutrophils in TX does not completely sol-
ubilize FPR. In contrast to experiments with OG, in 
which FPR are quantitatively solubilized, about 50 % 
of the receptors are found in the pellet after Sedi-
mentation in sucrose gradients of membrane extracts 
in TX (51, 52). Thesepellets also contain a major 
portion of the membrane skeletal actin. Solubiliza-
tion in the presence of agents which disrupt actin 
filaments, e.g. elevated concentr.ations of KCI, 
DN ase I, or organic mercurial compounds result in 
parallel decreases in actin and FPR ( > 50 % ) in the 
pellet fraction, suggesting that FPR are indeed linked 
Receptor regulation by membrane skeleton 
to the membrane skeleton and that actin plays an 
important role for this linkage. 
The functional significance for the observed cou-
pling is supported by comparison of membranes 
from unstimulated neutrophils with membranes from 
desensitized cells. When neutrophils are photoaffin-
ity labeled at 15 o C, and thus desensitized, virtually 
all FPR are shifted to the membrane skeletal pellet 
(51, 52). This parallels the shift of FPR to PM-Hin 
desensitized cells where the receptors have been 
found uncoupled from G protein (38). Interestingly, 
this receptor redistribution is insensitive to dhCB 
(see below). Cytochalasin-insensitive antigen-
induced association of IgE with the membrane skel-
eton has also been described in RBL cells (13). 
The molecular link of FPR to the membrane skeleton 
The release of FPR from the membrane skeletal pel-
let with actin-disrupting agents suggests a critical 
roJe of actin for FPR "immobilization", although it 
does not exclude the possibility that other protein(s) 
may be involved. Recently, we have made several 
independent observations suggesting the FPR di-
rectly interacts with actin: first, FPR solubilized in 
OG from NaOH-treated membranes to remove en-
dogenous actin and then transferred into TX, can 
interact with actin, as evidenced by an increase in 
the sedimentation rate of a significant fraction of 
FPR upon addition of exogenaus purified neutrophil 
cytosolic actin; second, FPR solubilized from un-
treated membranes can be immunoprecipitated with 
anti-actin antibodies and the immune complexes of 
FPR-actin purified on protein A affinity matrices; 
third, in nitrocellulose overlays, photoaffinity-labeled 
FPR specifically binds to immobilized neutrophil 
actin; fourth , overlay binding can be inhibited by 
adding actin (IC50 = 0.6 ~tM) to the liquid phase; and 
fifth, photoaffinity labeling of FPR in both actin-
depleted, NaOH-treated membranes and detergent 
extracts thereof is increased by actin added back to 
the labeling cocktail with an EC50 of 0.1 ~M, while 
other proteins such as ovalbumin, have no effect 
(53). Thus, despite the fact"that actin is a "sticky'' 
protein (54), the evidence is strong that actin can 
specifically bind to FPR in detergent solution (55) in 
a range that is not physiologically unreasonable. 
These results support the hypothesis that actin 
may be the molecular link between the FPR and the 
bulk MSK. The actin effect on photoaffinity labeling, 
furthermore, suggests an actin-receptor interaction 
which may have a direct effect on receptor-ligand 
binding and thus appears to be of functional signifi-
cance. The roJe of actin binding in the proposed 
model might be to remove the receptors from the G 
protein-containing domains and, thus , Iimit their ac-
cess to signal transduction partners (Figure 1). The 
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model suggests that reeeptors may bind G protein or 
actin, opening speculation as to which receptor do-
mains these regulatory proteins bind. An attractive 
possibility would be competition of G protein and 
actin for the same site on the receptor protein. 
Analysis of FPR sequence suggests that a 15 amino 
acid region (322-337) of the receptor carboxyl-
termi~al.tail region that extends into the cytoplasm 
has srgmficant (45-50%) identity to certain actin 
binding and cytoskeletal proteins such as vinculin 
(56), and coronin (57) as is shown below. 
322FPR336 RA L TED S T Q T S D TAT 43~VINCULIN447 R S L G E I S A L T S K LAD 247CORONIN 262 RAFT T P L S A Q V V D S A S 
This region also participates in FPR interaction with 
G;2 and synthetic peptides mimicking this region 
specifically disrupt 7S FPR forms or inhibit the for-
mation ofreconstituted 7S FPR-G; complexes (44). 
Sequence similarity studies between actin and G 
I h. . 10<2 a so support t rs not10n, as two decapeptide regions 
of G;o:2 and actin correspond very closely. The pep-
tides 190MKILTERGYS 199 of actin and 53MKII-
HEDGYS62 of G;"2 have 70% identity and 90/: ~imilarity. The ~ctin stretch is located precisely ad~ 
Jacent to the actm-actin interaction site of actin poly-
mers (58). The G; stretch, though not yet identified 
as a. functional interaction site of a G protein, is 
predrcted to be adjacent to such a site in a recent 
three-dimensional model proposed by Deretic and 
Hamm (59). 
Conclusion 
Regulati?n offormyl peptide chemoattractant recep-
tor may mvolve a novel meehanism that depends on 
FPR interaetion with the membrane skeleton and a 
physical Separation of FPR from G proteins. Such 
Separation may be mediated by direct interaction of 
FPR with actin in the MSK. We speculate that actin 
and G protein may share sites on the FPR that 
permit G protein activation and immobilization to 
the MSK. Such sites would have tobe functional as 
they would affect FPR interaction with its formyl 
peptide Iigand. 
Acknowledgement 
The authors' rescarch was supported by grants from the Amcri-
can Cancer Society IRG-172B (K.-N.K.), PliS grants RO 1 
AI22735 (A.J . .1 .) and PSCB DMB 900058P awardcd to thc Pitts-
burgh supercomputcr facility. 
References 
I. ~LLEN RA, JESAITIS AJ, CocHRANE CG. N-formyl pep-
tide receptor structure-function relationships. In: CocHRANE 
CG, GIMBRONE MAJ, eds. Ccllular and Molecular Mecha-
nisms of Inflammation; Receptors of Inflammatory Cells: 
Structure-Function Relationships. San Diego, Academic 
Press Inc., 1990, pp. 83-112. 
292 
2. BOXER GJ, CURNUTTE JT, BOXER LA. Polymorphonu-
clear lcukocyle function. Hosp Practice 1985: 40: 69-90. 
3. SNYDERMAN R, UHING RJ. Phagocytic cells: Stimulus rc-
sponse coupling mechanisms. In: GALLIN Jl, GoLDSTEIN 
IM, SNYDERMAN R, eds. Inflammation. New York, Raven 
Press, 1988, pp. 309-323. 
4. BOULA Y F, T ARDIFF M, BROUCHON L, el al. Tbc human 
N-formylpeptide receptor. Characterization of two cDNA 
isolates and cvidcnce for a ncw subfamily of G-protein-
coupled receplors. Biochemistry 1990:29: 11123-1!133. 
5. DOHLMAN HG, THORNER J, CARON MG, et al. Model 
systems for the study of seven-transmembrane-segment re-
ceptors. Annual Review of Biochemistry 1991: 60: 653-658. 
6. BENOVIC JL, BouviER M, CARON MG, et al. Regulation of 
adenylyl cyclase-coupled B-adrenergic receptors. Ann Rcv 
Cell Bio! 1988: 4: 405-428. 
7. LEFKOWITZ RJ, HAUSDORF WP, CARON MG. RoJe of 
phosphorylation in desensitization of the beta adrenoceptor. 
Trends in Pharmacol Sei 1990: II: 190-194. 
8. REITHMANN C, GIERSCHIK P, WERDAN K, el al. RoJe of 
inhibitory cx-subunits in adenylyl cyclase descnsitization. Mol 
Cell Endocrinol 1991: 82: 215-221. 
9. SCHECHTER AL, BOTHWELL MA. Nerve growth faclor re-
ceptors on PC12 cells: Evidence for two receptor classes with 
difl'ering cytoskeletal association. Ccll 1981: 24: 867-874. 
10. VALE RD, SHOOTER EM. Alterations ofbinding properlies 
and cytoskelctal attachment of nerve growth factor receptors 
111 PC12 cells by wheat germ agglutinin. J Cell Bio! 1982: 94: 
710-717. 
II. SIMAN R, BAUDRY M, LYNCH G. Regulation of glutamate 
rcceptor binding by lhe cytoskeletal protein fodrin. Nature 
1985: 313: 225-227. 
12. RoY LM, GITTINGER CK, LANDRETH GA. Epidermal 
growth factor lrcatment of A431 cells alters the binding ca-
paCity and electrophoretic mobility of the cytoskeletally as-
sociated epidermal growth factor receplor. J Cell Physiol 
1991: 146: 63-72. 
13. APGAR JR. Antigen-induced cross-linking of the IgE rccep-
tor Ieads to an association with the detergcnt-insolublc mem-
brane skcleton of rat basophilic lcukemia (RBL-2H3) cells. J 
Immunol 1990: 145: 3814-3822. 
14. LASSING I,~ UNDBERG U. Spccific interaction between phos-
phatJdyhnositol 4,5-bisphosphate and profilaetin. Nature 
1985: 314: 472-474. 
15. ~EIDINGER RM. Non-peptide Iigands for peptide receplors. 
1 rends 111 Pharmacol Sei 1989: 10: 270-274. 
16. GoLoscHMIDT-CLERMONT PJ, MACHESKY LM, BALDAS-
SARE JJ, ct al. The actin-binding protcin profilin binds to 
PIP2 and inhibits its hydrolysis by phospholipasc C. Science 
1990: 247: 1575-1578. 
17. HALL A. Ras-related GTPases and the cytoskeleton. Mol 
Bio! Ccll 1992: 3: 475-479. 
18. DEN HARTlOH JC, VAN BERGEN EN HENEGOUWEN PMP 
VERKLEIJ AJ, et al. Thc EGF receplor as an actin-bindin~ 
protein. J Cell Bio! 1992: I I 9: 349-355. 
19. NIGGLI V, BURGER MM. Interaction of the cytoskcleton 
with the plasma membrane . .I Membrane Bio! 1987: 100: 
97-121. 
20. CARRAWA Y KL, CARRA WA Y CAC. Membrane-cytoskeleton 
interaetions in animal eells. Biochim Biophys Acta 1989: 988: 
147-171. 
21. NIEDEL JE, KAHANE I, CUATRECASAS P. Receptor-
mcdiated internalization of fluorescent chemotactic peplide 
by human ncutrophils. Science 1979: 205: 1412-1414. 
22. DE Dmoo JG, GoRDON P, CARPENTIER J-L. The relation-
ship of Iigand reccptor mobility to internalization of polypep-
tide hormones and growth faetors. Endocrinol 1991: 128: 
2136-2140. 
23. RODBELL M, COULTER S, HARAGUICHI K. Tbc structure 
of G-protcins assoeiated wilh biological membranes. In: 
SARA VR, ed. Growth Factors: from Genes to Clinical Ap-
plication. New York, Raven Press, 1990, pp. 101-116. 
24. NAKAMURA S-1, RODBELL M. Octyl glucoside extracts 
GTP-regulatory proteins from rat brain "synaptoncurosomcs" 
as !arge, polydisperse structures devoid of bcta-gamma com-
plexes and sensitive to disaggregation by guanine nucleotides. 
Proc Natl Aead Sei (USA) 1990: 87: 6413-6417. 
25. CouLTER S, RODBELL M. Heterotrimeric G proteins in syn-
aploneurosome membranes arc crosslinked by phenylencdi-
maleimide, · yielding structures comparable in size to 
erosslinked tubulin and F-actin. Proe Natl Acad Sei (USA) 
1992: 89: 5842-5846. 
26. SARNDAHL E, BOKOCH GM, STENDAHL 0, et al. Slimulus-
induced dissociation of alpha subunits ofheterotrimeric GTP-
binding proteins from the eytoskeleton of human neutrophils. 
Proc Natl Acad Sei (USA) 1993: 90: 6552-6556. 
27 . .IESAITIS AJ, ALLEN RA, PARKOS CA. Aelivation of the 
neutrophil respiratory burst by chemoattractants: Regulation 
of the N-formyl peptide receptor in the plasma membrane. J 
Bioenerg and Biomemb 1988: 20: 679-707. 
28. JESAITIS AJ, TOLLEY .10, PAINTER RG, et al. Membrane-
cytoskeleton interactions and the regulation of chemotactic 
pcptidc-induced activation of human granulocytes: The ef-
fects of dihydrocytochalasin B. J Cell Biochem I 985: 27: 
241-253. 
29. NORGAUER J, KOWNATZKI E, SEIFERT R, et al. Botulinum 
C2 toxin ADP-ribosylates actin and enhances 0 2-produetion 
and secretion but inhibits migration of activated human neu-
trophils. J Clin Invesl 1988: 82: 1376-1382. 
30 . .IESAITIS AJ, ToLLEY JO, ALLEN RA. Receptor cytoskele-
ton interaction and membrane traffic may rcgulate 
chemoattractant-induced superoxide production in human 
granulocytes. J Bio! Chem 1986: 261: 13662-13669. 
31. .IESAITIS AJ, NAEMURA JR, SKLAR LA, et al. Rapid modu-
lation of N-formyl chemotactic peptide receptors on the sur-
facc ofhuman granulocytes: Formation ofhigh affinity ligand-
receptor complexes in lransient association with cytoskcleton. 
J Ce!! Bio! 1984: 98: 1378-1387. 
32. SARNDAHL E, LINDROTI-I M, BENGTSSON T, cl al. Asso-
eiation of Iigand-receptor complexes with aetin filamcnts in 
human neutrophils: a possible regulatory roJe for a G-protein. 
J Cell Bio! 1989: 109: 2791-2799. 
33. GILMAN AG. G Proteins: Transduccrs ofreceptor generated 
signals. Ann Rev Bioehem 1987: 56: 615-649. 
34. SKLAR LA, FrNNEY DA, ÜADES ZG, et al. The dynamics 
of Iigand-receptor interactions: Real-time analysis of associa-
tion, dissociation, and intcrnalization of an N-formy1 peptide 
and its receptors on thc human ncutrophil. J Bio! Chem 1984: 
259: 5661-5669. 
35. NORGAUER J, .lUST I, AKTORIES K, el al. lnfluence of Bot-
ulinum C2 toxin on F-actin and N-formyl peptide rcccptor 
dynamics in human neutrophils. J Cell Bio! 1989: I 09: 1133-
1140. 
36. CASSIMERIS L, McNEILL H, ZIGMOND SH. Chemo-
attraetant-stimulated polymorphonuclear Ieukocytes contain 
two populalions of aetin filaments that differ in thcir spatial 
distributions and relative stabilities. J Ce!! Bio! 1990: I I 0: 
1067-1075. 
37. MuKHERJEE G, QuiNN MT, LINNER JG, el al. Remodel-
1ing of the plasma membrane aftcr stimulation neutrophils 
with f-Met-Leu-Phe and dihydrocytochalasin B: ldentifica-
Lion of membrane subdomains containing NADPH oxidase 
activity. Submitted 1993. 
38. JESAITIS AJ, TOLLEY JO, BoKOCH GM, et al. Regulation of 
ehemoattractant receptor interaction with transducing pro-
tcins by organizational control in the plasma membrane of 
human neutrophils. J Cell Bio! 1989: 109: 2783-2790. 
39. ALLEN RA, TOLLEY JO, JESAITIS AJ. Preparation and 
Receptor regulation by membrane skeleton 
properlies of an improved photoallinity Iigand for the N-formyl 
peptidc rcceptor. Biochim Biophys Acta 1986: 882: 271-280. 
40. JESAITIS AJ, BOKOCH GM, TOLLEY JO, et al. Lateral seg-
regation of oceupied chemotactic receptors into actin and 
fodrin-rich plasma membrane mierodomains dcplctcd in gua-
nyl nucleotide proteins. J Cell Bio! 1988: 107: 921-928. 
41. MACLEISI-I KR, GIERSCHIK P, JAKOBS KH. Desensitiza-
tion uneouplcs thc formyl pcptidc rcceplor-guanine nucle-
otide binding protcin interaction in HL-60 cells. Mol Phar-
macol 1989: 36: 384-390. 
42. BOMMAKANTI RK, BOKOCH GM, TOLLEY .10, et al. Re-
constitution of a physical complex betwccn thc N-formyl 
chemotactic peptide receplor and G protein: inhibition by 
pertussis toxin - catalyzed ADP ribosylation. J Bio! Chem 
1992: 267: 7576-7581. 
43. SCHREIBER RE, PROSSNITZ ER, YE RD, el al. Reeonstitu-
tion of recombinant N-formyl chemotaetic peptide receptor 
with G protein. J Lcuk Bio! 1993: 53: 470-474. 
44. BoMMAKANTI RK, KLOTZ K-N, DRATZ EA, et al. Car-
boxyl terminal Lai! pcptidc of ncutrophil chemotactic receptor 
disrupls its physical complex with G-prolein. J Leuk Bio! 
1993: in press. 
45. BOMMAKANTI RK, SIEMSEN DW, JESAITIS AJ. Effects of 
receptor peptides on the physical interaction of neutrophil 
chemotactic reeeplor and G protein. Clin Res 1993: 41: 172A. 
46. JESAITIS A. Signal Transduetion In Ncutrophil Membrane 
Domains. Comm Mol Cells Biophys 1992: VII: in press. 
47 . .IOHANSSON B, WYMANN MP, HOLMOREN K, cl al. Dis-
tribution and lateral mobility of the neutrophil fMLP recep-
tor in ration to receptor activation. J Ccll Bio! 1993: 121: 
1281-1289. 
48. CARLSON KE, WOOLKALIS MJ, NEWHOUSE MG, el al. 
Fraclionation ofthe ß -subunil common to guanine nueleotide-
binding regulatory proteins with the cytoskeleton. Mol Phar-
maeol 1986: 30: 463-468. 
49. W ANG N, Y AN K, RASENICK MM. Tubulin binds specifi-
cally to the signal transducing proteins, G," and G;, 1• J Bio! 
Chem 1990: 265: 1239-1242. 
50. Fox JEB, BoYLES JK. The membrane skeleton - a distinct 
structure that rcgulatcs thc function of cells. Bioessays 1988: 
8: 14-18. 
51. KLOTZ K-N, SIEMSEN D, JESAITIS AJ. Interaction offMLP-
receptors from human neutrophils with actin. Clin Res I 99 I: 
39: 224A. 
52. KLOTZ K-N, KROTEC KL, JESAITIS AJ. Rcgulatory cou-
pling ofN-formyl peptide chemoattractant receptors in human 
ncutrophils to the membrane skclcton. J Immunol 1993: in 
press. 
53 . .IESAITIS AJ, ERICKSON RW, KLOTZ KN, cl al. Functional 
moleCLJ!ar complexes ofhuman N-formyl chemoattractant re-
ceptors and actin. J I mmunol 1993: in press. 
54. LAKATOS S, MINTON AP. lnteraetions between globular 
proteins and F-actin in isotonie saline solution. J Bio! Chem 
1991: 266: 18707-18713. 
55. KLOTZ K-N, SIEMSEN DW, JESAITIS AJ. Functional inter-
action of neutrophil chemotactic receptor complexes with 
aclin. Clin Res 1992: 40: 176A. 
56. COUTU MD, CRAIG sw. cDNA derived sequenee ofchicken 
embryo vinculin. Proc Natl Acad Sei 1988: 85: 8535-8539. 
57. OE HOSTOS EL, BRADKE B, LOTTSPEICH F, el al. Coronin, 
an actin binding protein of Dictyostclium discoideum local-
ized to ccll surface projections, has sequence similarities to G 
protcin bcta subunits. EMBO J 1991: 10: 4097-4104. 
58. HOLMES KC, POPP D, GEBHARD W, el al. Atmnic model 
of the actin filamenl. Nature 1990: 347: 44-49. 
59. DERETIC D, I-lAMM HE. Topographie analysis of antigenic 
determinants reeognized by monoclonal antibodics to the 
photoreeeptor guanyl nucleotide-binding protin, Transducin. 
J Bio! Chem 1987: 262: 10839-10847. 
293 
